Background: Patients with chronic disorders of consciousness face a significant lack of treatment options. Objective: We aimed at investigating the feasibility and the behavioral effects of home-based transcranial direct current stimulation (tDCS), applied by relatives or caregivers, in chronic patients in minimally conscious state (MCS). Methods: Each participant received, in a randomized order, 20 sessions of active and 20 sessions of sham tDCS applied over the prefrontal cortex for 4 weeks; separated by 8 weeks of washout. Level of consciousness was assessed using the Coma Recovery Scale-Revised before the first stimulation (baseline), at the end of the 20 tDCS sessions (direct effects) and 8 weeks after the end of each stimulation period (long-term effects). Reported adverse events and data relative to the adherence (i.e., amount of sessions effectively received) were collected as well. Results: Twenty-seven patients completed the study and 22 patients received at least 80% of the stimulation sessions. All patients tolerated tDCS well, no severe adverse events were noticed after real stimulation and the overall adherence (i.e., total duration of stimulation) was good. A moderate effect size (0.47 and 0.53, for modified intention to treat and per protocol analysis, respectively) was observed at the end of the 4 weeks of tDCS in favor of the active treatment. Conclusions: We demonstrated that home-based tDCS can be used adequately outside a research facility or hospital by patients' relatives or caregivers. In addition, 4 weeks of tDCS moderately improved the recovery of signs of consciousness in chronic MCS patients.
Introduction
Patients who suffered from a severe brain injury and stay with a disorder of consciousness (DOC) represent a challenging population to treat since, by definition, these patients are unable to communicate, and therefore to participate in active rehabilitation programs. Currently, their treatment options are limited, especially in the chronic setting. Several drugs to improve the level of consciousness have been studied (e.g., zolpidem, levodopa or baclofen) [1] . However, so far, only amantadine showed significant clinical effects [2] . Recently, transcranial direct current stimulation (tDCS) showed promising results in patients in a minimally conscious state (MCS e i.e., showing fluctuating but reproducible signs of consciousness, such as response to command or visual pursuit for instance, while being unable to functionally communicate) while patients in unresponsive wakefulness syndrome (UWS e i.e., only showing cyclic eye-opening and reflexive behaviors) seem to be less responsive to that treatment. We demonstrated that a single session of tDCS, applied with the anode over the left dorsolateral prefrontal cortex (DLPFC) and the cathode over the contralateral supraorbital area, induced transient clinical improvement [4] , as measured by the Coma Recovery Scale-Revised (CRS-R [5] ). Greater effects were observed in the subgroup of MCS patients as compared to patients in UWS. Later, our group showed that applying tDCS using the same montage for five days could increase the number of responders and prolonged the duration of the effects up to one week after the end of the tDCS sessions [7] . Under a similar protocol (i.e., 5 days of tDCS with the anode positioned over the left DFLPC), Estraneo and colleagues revealed moderate improvements in consciousness in 3 patients in UWS and 3 patients in MCS (out of 13 patients with DOC) [8] . Angelakis and colleagues also identified an improvement in the CRS-R total scores following 10 days of tDCS, applied with the anode over the left DLPFC or the motor cortex, and at 12-month follow-up as well, in patients in MCS [9] . All these studies targeted the left DLPFC with the anode since this area would have an integrative role for behavior and motor control and allow better working memory and attention when stimulated [10, 11] . Based on these results, tDCS seems to represent a valuable therapeutic option for MCS patients. However, currently, tDCS has to be performed by trained professionals in hospitals or research facilities, which limits its translation to clinical practice and the number of sessions; while it is known that repeated tDCS sessions are necessary to induce long-lasting effects [12, 13] . Therefore, to address this limitation, we tested the clinical effects and the applicability of a 4-week home-based tDCS protocol in patients with chronic MCS, targeting the left DLPFC. The results may provide insight into the clinical value and application of tDCS for DOC outside of a research or hospital setting.
Methods

Standard protocol approvals, registrations, and patient consents
Written informed consents were obtained by the legal representative of each patient in accordance with the Declaration of Helsinki. This multicentric study was registered (ClinicalTrials.gov NCT02394691) and approved by the central ethics committee of the University Hospital of Li ege, and by each local ethic committees as needed.
Study design
Randomized double-blind sham controlled crossover trial.
Participants and eligibility criteria
We prospectively enrolled chronic MCS patients [3] , over 16 years old, more than 3 months post injury, in stable vital condition (e.g., no infection, intubation, recent hospitalization). The initial diagnosis of MCS was established based on at least five successive behavioral assessments [14] . We excluded patients with contraindication to tDCS as previously described [4] , and patients who received non-invasive brain stimulation less than 3 months before their inclusion in this study. Medication and rehabilitation were kept unchanged throughout the duration of the protocol. Patients were excluded from the study if one of the following situations occurred: introduction of a new central-acting drug (e.g., antiepileptic or sedative drugs, amantadine or intrathecal baclofen); change in rehabilitation (increase or reduction of a minimum of two sessions per week); surgical intervention; infection with deterioration of patients' general condition or serious medical event (e.g., sign of pain as observed by the family or caregivers, seizure); poor adherence (i.e., patient received less than 80% of the stimulation sessions) [15] .
Randomization and masking
Each patient received both active and sham tDCS stimulations in a crossover, randomized order, as presented in Fig. 1 . A set of two tDCS devices (CEFALY tDCS, Cefaly Technology, Belgium) was assigned to each patient, one active and one sham. Note that only one device was given at a time to ensure that the appropriate stimulation (active or sham) was delivered. A computer-generated randomization sequence assigned in a 1:1 ratio the two groups: active-sham and sham-active. A third person, not involved in data collection, was responsible for the treatment allocation. Investigators, patients, and patients' relatives or caregivers were blinded to the treatment order.
Procedures
Patients were seen at home, in nursing homes or in rehabilitation facilities in Belgium, France, and Luxembourg. Caregivers (for patients in rehabilitation centers or nursing homes) or a family member (for patients at home), were trained to use the stimulation device adequately by watching a video, receiving a brochure with instructions, video-tape the placement done by an investigator and apply the electrodes themselves as a formal exam. This device was built for ease of use, with fixed parameters (2 mA during 20 min), and recorded the amount and the duration of all delivered stimulations to estimate the adherence. Direct current was applied by a battery-driven constant current stimulator using saline-soaked surface sponge electrodes (7 Â 5 cm) with the anode (that is associated with increased cortical excitability [16] ) positioned over the left DLPFC (F3 according to the 10e20 international system for EEG placement) [17] and the cathode placed over right supraorbital region. During tDCS, the current was increased during 5 s to 2 mA from the onset of stimulation, applied for 20 min, and then ramped down to 0 mA for 5 s. During sham, the intensity was ramped up to 2 mA for 5 s, direct current was applied for 5 s and then ramped down to 0 mA for 5 seconds. tDCS was performed daily by the same person, at the same time of the day, for 4 weeks, five times a week (20 stimulation sessions per period e the two periods were separated by 8 weeks of washout e see Fig. 1 ). Patients' relatives or caregivers had to report daily anything they would consider abnormal as suggested by the CRF (i.e., skin redness, skin injury, signs of pain/discomfort, epilepsy, sleepiness). During the 4 weeks stimulation period, they had to complete a detailed questionnaire (see supplementary material) including questions relative to safety and behavioral changes. Data on adherence were collected by the investigators at the end of the whole protocol, and assessments using the CRS-R were performed by trained and experienced blinded clinicians at baseline (week 0), week 4 (after the end of the first stimulation period) and week 12 (after 8 weeks of washout) for each period (active and sham).
Outcomes
Our primary outcome measures were: 1) safety estimation of home-based tDCS, assessed by the adverse events (AE) questionnaire; 2) patients' adherence to the treatment protocol, as recorded by the device; 3) change in the CRS-R total score after 4 weeks of tDCS.
Our secondary outcome was the change in the CRS-R total score at 8-week follow-up. As exploratory analyses, we assessed the effects of time since injury and etiology on tDCS effects and we qualitatively compared the presence of clinically relevant behaviors recovered after tDCS at the individual level.
The amount of side effects was collected based on the questionnaires and interviews with the person in charge of the stimulation.
Adherence was here defined as the total time of stimulation and was expressed as a percentage of the total duration of all the planned stimulations (i.e., 20 times 20 min or 6 h and 40 min).
Patients' level of consciousness was assessed using the CRS-R which is a behavioral scale consisting of 23 hierarchically arranged items over 6 subscales assessing auditory, visual, motor, verbal, communication and arousal functions at the patient's bedside [5] . It is currently the most sensitive scale to assess consciousness and diagnose the first minimal signs of consciousness [18] .
Statistical analysis
Statistical analyses were performed using Stata (StataCorp. 2013. Stata Statistical Software: Release 13. College Station, TX: StataCorp LP). Baseline characteristics between groups (activesham and sham-active) were tested for comparability using Student's t-test for continuous variables and Chi square test for dichotomous variables. We first looked at the carry-over effect with a Wilcoxon match-paired signed-rank test comparing the CRS-R total scores of the two baseline conditions (before active treatment and before sham treatment). If no carry-over effect was found, the treatment effect was then assessed using a Wilcoxon match-paired signed-rank test. The treatment effect per group at 4 weeks of treatment and at 8 weeks of follow-up was analyzed using the differences in CRS-R total score (i.e., delta), between [week 4 e baseline] and [week 12 e baseline]. We used both modified intention to treat (mITT) [19] , and per protocol (PP) [20] approaches to analyze the data. For the mITT approach, we considered data from subjects that underwent all CRS-R assessments pre-and poststimulation for both the sham and active tDCS sessions. While for the PP analysis, after collecting the adherence data from each device, we excluded subjects who did not receive at least 80% of the pre-specified number of sessions as per exclusion criteria. Results were considered significant at p < 0.05. The Cohen's d effect size was calculated from the difference in means and standard deviations between baseline and post-treatment comparing active with sham tDCS. We then calculated the correlation between CRS-R improvement (i.e., delta week 4 e baseline) and the time since injury using a Spearman correlation test. We also compared the treatment effect between etiologies (i.e., traumatic versus nontraumatic for active and sham intervention e 4 groups) with a Kruskal-Wallis rank test. Each AE was collected from the Case Report Forms and expressed as a percentage of the total amount of sessions delivered. Adherence was expressed as a percentage of the total duration of planned stimulations (i.e., 6 h and 40 min) as the device recorded the total stimulation duration for each initiated session. Finally, descriptive analyses at the group level were performed (CRS-R total score evolution expressed by median and interquartile range) and at the single subject level (CRS-R items recovered after the active and not after the sham treatment).
Results
As presented in Fig. 2 , out of 86 eligible patients, 49 were not included because of one or several of the following reasons: no dedicated person could be found to apply tDCS daily, the patient lived too far away to enable proper assessments, they were modifications planned in the patient's treatment (either pharmacological or not) in the 6 upcoming months. Thirty-seven patients were assigned to receive both active and sham tDCS between June 2014 and January 2017. Ten patients were withdrawn from the study due to one of the abovementioned exclusion criteria (i.e., 5 unplanned treatment modifications, 3 infections, 1 severe adverse event and 1 transportation issue). These 10 patients did not differ from the 27 patients who completed the study in terms of age (t ¼ À0.624; p ¼ 0.540), time since injury (t ¼ 0.836; p ¼ 0.410) and baseline CRS-R (t ¼ À1.470; p ¼ 0.151).
Demographic data and CRS-R scores of the 27 patients who completed the protocol (mITT) are reported in Table 1 . Out of these 27 patients, 5 patients did not receive at least 80% (i.e., less than 16 sessions) of the active stimulation sessions and were thus excluded from the per protocol analysis (PP e n ¼ 22).
All patients adequately tolerated all the tDCS sessions. Regarding the AE, skin redness was reported for 10 patients (5 during an active session and 5 during a sham session) and sleepiness for 3 patients (2 during an active and 1 during a sham session). An epileptic seizure was reported for one patient (day 4 of the first treatment period). This patient was immediately withdrawn from the study. Noteworthy, based on the device's report, that patient was receiving the sham intervention. In total, 13 mild AE were reported for a total amount of 946 sessions performed (1%) and one severe AE (single episode of epileptic seizure) that was unrelated to tDCS (the patient was receiving sham stimulation). The sessions were performed by the family at home for 17 patients and by the nursing team for the remaining 10 patients. The adherence was 94 ± 14% for the duration of stimulation (range: 48e130% - Fig. 3 ). Data were missing for one patient. As said above, 5 patients (18% of the study population) received less than 16 (80%) active treatment sessions. Three of these patients were in a rehabilitation center and 2 were at home. On the other hand, 5 patients, who were at home, received more than 20 treatment sessions (3 active and 2 sham sessions). All the patients who presented an AE had a mean compliance of 96% (range: 80e130%).
Regarding the changes in the CRS-R total score presented in Table 2 No significant differences between groups' scores differences were found at 8-week follow-up. A boxplot of the score variation is presented in Fig. 4 .
We did not find any significant correlation between the time since injury and CRS-R improvement (r ¼ 0.0213; p ¼ 0.878). Regarding the etiology, no difference between groups (active tDCStraumatic, active tDCS-non-traumatic, sham tDCS-traumatic, sham tDCS-non-traumatic) was identified (H ¼ 1.721; p ¼ 0.6322).
As descriptive analyses, we identified a difference in the CRS-R individual items between the active and the sham groups after 4 weeks of tDCS for three items only, namely the object localization (3 patients in the active group presented this behavior after treatment, while no patient in the sham group), intentional communication (2 patients in the active group recovered this behavior after the active session, while no patient in the sham group) and object manipulation (present for 1 patient in the active group and none in the sham group).
Discussion
In this crossover, sham-controlled, randomized, double-blind study, we demonstrated the safety, the feasibility and the behavioral effects of 4 weeks of home-based tDCS in chronic MCS patients. This trial is the first tDCS study carried out in chronic patients with DOC in their daily environment.
Regarding our first outcome, we can conclude that applying 20 sessions of tDCS in patients with DOC appears to be safe, which is in line with previous observations [8, 21, 22] . However, one patient, who was under anti-epileptic medication (controlled epilepsy for 2 years), experienced a seizure. Since this patient only received sham tDCS, this severe AE is unrelated to tDCS and does not change the safety of repeated tDCS in patients with DOC. Indeed, the few AE reported (13/946 tDCS sessions e 1%) refer to skin redness and sleepiness that both have been previously reported (no sign of pain or discomfort was reported) [23] .
In addition, tDCS was properly delivered outside a research facility (second main outcome), as part of the daily cares that patients with DOC receive [24] . To monitor adherence in this remote setting, the device recorded the duration and number of completed stimulation sessions. At the group level, the overall adherence was excellent. When analyzing the individual adherence, we noticed that 5 patients received less than 80% of the treatment sessions. For 3 of them, tDCS was performed in addition to intensive rehabilitation interventions. It is possible that the schedule of these 
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patients may have been burdensome and could explain why some sessions were missed. Missing sessions is indeed an important issue in tDCS studies which is not always properly tackled. We here adapted our analyses according to the proposed 80% threshold [15] . Since this was a home-based protocol, an ongoing supervision was impossible and the adherence was highly variable as it is often the case with home-based studies [25] . In the future, combined interventions (e.g., tDCS during physical therapy) could be a valuable therapeutic approach to reduce the amount of missed sessions, even more since tDCS combined with other rehabilitation procedures can have greater effects [26e28]. At patients' homes, the data showed excellent adherence, meaning that the patients' relatives were able to use the device as indicated. Of course, home-based tDCS should always be monitored under close clinical supervision. To this end, Charvet and colleagues proposed 8 recommendations, which we followed in this study [29] . The same team applied these principles in a remotely-supervised tDCS randomized clinical trial (RCT) associated with cognitive training in patients with multiple sclerosis [30] . This study showed not only the feasibility of such a design in a large population but also the efficiency of combining tDCS with other rehabilitation procedures as abovementioned. Home-based tDCS thus appears to be a valuable therapeutic option, and may also improve feasibility and recruitment for future research in various populations. According to our results, the significant changes in CRS-R total scores at the group level suggest that 4 weeks of tDCS applied with the anode over the left DLPFC could enhance the level of consciousness by increasing responsiveness to external stimuli. The sample of the present study consisted mainly of MCS patients in an advanced chronic state; the median time since injury was 8 years. It is however conceivable to observe tDCS-related improvements at this stage since several cases of late recovery (i.e., years post injury) have been previously reported in patients with DOC [31e33]. MCS patients also have a better potential for late recovery than UWS patients [34] . One hypothesis supporting this relies on the potential white matter plasticity by axonal regrowth [35] . Another potential reason is the unmasking of cortical connections induced by non-invasive brain stimulation that results in neuroplasticity [36, 37] . Therefore, it appears reasonable to assume that some chronic MCS may benefit from neuromodulation techniques such as tDCS. A critical issue of tDCS for patients with DOC is the duration of the effects. It is known that when applying one session of tDCS with the anode over the left DLPFC, the clinical improvements are small and do not last over time; while applying 5 daily sessions prolonged the effects for at least a week after the end of the stimulations [7] . In this study, we did not observe enduring clinical improvement at 8-week followup. The effects of tDCS were thus transient, suggesting that in chronic patients with MCS, tDCS should be maintained for the benefits to remain, or another strategy of delivering tDCS should be applied. This is not entirely in agreement with previous studies demonstrating positive tDCS-related long-term effects in depression or pain [22,38e40] . However, patients with MCS suffer from extensive brain damage which might explain the need for continuous neuromodulation to maintain neuroplastic changes.
At the individual level, we identified 6 patients (22%) showing a new sign of consciousness at the end of the 20 active sessions that was not present after the sham sessions. This amount is lower than what we expected based on our previous studies (i.e., 43% after a single session and 56% after five daily sessions) [4, 7] . However, as abovementioned, patients included in the present study were extremely chronic, up to 33 years post-injury as compared to these previous studies, and therefore this could have limited the potential neuroplastic effects of tDCS. However, in view of the above results, tDCS may be used with other standard treatments, both in rehabilitation centers or at patients' home. When comparing tDCS to other treatments available for patients in MCS such as amantadine, the effect size after 4 weeks of tDCS applied with the anode on the left DLPFC is higher (0.53 versus 0.24). However, the two populations and study designs were different and, therefore, we cannot claim that one treatment works better than the other [2] .
This study encompasses some limitations that need to be taken into account before generalizing our results. No daily control on the tDCS application was done. However, our goal was to be as close as possible to clinical reality where caregivers and/or relatives provide a given treatment alone most of the time. Additionally, the person in charge of the stimulations was trained before starting the study and the investigators asked, at each visit, to show how the electrodes placement was done. AEs were only assessed by the family and/or the caregivers, and not directly collected by the investigators. This might raise concerns regarding patients' safety. However, considering our previous published tDCS studies performed on 104 patients did not report any serious adverse event (i.e., threatening the patient's health), the risk was minimal [4, 7, 41] . Regarding the assessments, patients were evaluated at baseline, after the 4-week stimulation period and at 8-week follow-up. Therefore, we were unable to evaluate the possible progression and regression of tDCS-related behavioral effects during other time windows. The duration of the whole protocol (i.e., 6 months) also led to a high number of patients being removed from the study (27%) and thus to a small sample size. General infections and treatment modifications are the two main reasons for drop-outs, yet those are likely to happen during a 6-month period since this population is extremely vulnerable. Regarding the outcomes, we did not record neurophysiological measures such as EEG and our results only rely on behavioral assessments. Although, the neuronal correlate of a clinical response to tDCS has previously been investigated and highlighted the clinical response to tDCS requires structural and metabolic preservation (as measured by magnetic resonance imaging and positron emission tomography) in cortical and subcortical areas known to be involved in consciousness recovery [42] . However, since this is a clinical home-based RCT designed to assess clinical outcomes, we focused on behavioral measures rather than neurophysiological assessments. We can conclude that 20 sessions of home-based tDCS applied with the anode over the left DLPFC appear to be safe, feasible and to significantly improve patients' level of consciousness, for patients who adhere to the protocol. However, challenges for further studies with patients with DOC are multiple: 1) identifying tDCS responders beforehand by neuroimaging technology [42] ; 2) implementing other biomarkers of tDCS responsiveness such as EEG which would also allow to better understand the electrophysiological mechanisms of tDCS in severely injured brains; 3) including more subjects to confirm and validate tDCS effectiveness; 4) increase the number of assessments both during treatment and at follow-up to assess more accurately the potential lasting effects of tDCS; and 5) explore combination therapies (i.e. tDCS and rehabilitation) to enhance the stimulation effects, as previously reported in other populations [26e28].
In conclusion, in this randomized controlled double blind clinical trial, we demonstrated that home-based tDCS was safe (1% of mild AE) and can be used by patients' relatives at home or patients' caregivers in rehabilitation centers or nursing homes. In addition, when correctly applied, 4 weeks of tDCS in chronic (ranging from 10 months to 33 years post injury) MCS patients induced clinical improvements, even if moderate.
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